
'» -1""" 

CHANNEL WAVEGUIDE STUDY 

J. M. Hammer, et al 

RCA Laboratories 

AD-A008 581 

i Prepared for: 

Office of Naval Research 
Advanced Research Projects Agency 

31 March 1975 

DISTRIBUTED BY: 

mi 
National Technical Information Service 
U. S. DEPARTMENT OF  COMMERCE 

__   





■«»■■." **mmammmmm mmm 

UNCLASSIFIED 
5ECUR.TY CLASSIFICATION OF  THIS PACE fWl.t, Dmlm Enlcrd) 

REPORT DOCUMENTATION PAGE 
t     REPOMT NUMBER 2. COVT ACCESSION NO 

4.   TITLE fand Subtltl*) 

CHANNEL WAVEGUIDE  L'TUDY 

READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

I.    RECIPIENT'S CATALOG NUMBER 

7.    AUTHONf«) 

.1. M. Hammer (Principal Investigator, 
W. Phillips  tel.:(609)-452-2700,ext.3210) 
C. C. Nell 

»-    PERFORMING ORGANIZATION  NAME  AND AOORESS 

RCA Laboratories 
Princeton, NJ 08540 

S.    TYPE OF REPORT A PERIOD COVERED 

Quarterly Technical Report 
11-4-74 to 2-4-75      
(  PERFORMING ORG REPORT NUMPER 

PRRL-75-CR-17 
•     CONTRACT OR GRANT  NU'<8ER(«J 

N00014-75-C-0078 

U.    CONTROLLING OFFICE NAME  AND AOORESS 

Department of the Navy 
Office of Naval Research 
Arlington. VA 22217 

10     PROGRAM ELEMENT. PROJECT. TASK 
AREA A  WORK  UNIT NUMBERS 

Program Code No. 3D10 
ARPA Order No. 2327 

1«     MONITORING «GENCV WAME A   AODRESSri'<«M»r»m Irom Conlrelllnt Otlici) 

12.    REPORT DATE 

31  March 1975 
IS.    NUMBER OF PAGES 

C^ 

IS.    SECURITY CLASS. Co'""/» «porlj 

Unclassified 
IS«.    OECLASSIFIC AT I ON/DOWNGRADING 

SCHEDl'LE 
N/A 

I»      DISTRIBUTION STATEMENT (ol Ihlt Rtpntl) 

Reproduction in whole or in part is permittod for any purpose of the 
U. S. Government. 

17      DISTRlBUllON STATEMENT Co/ Ihm mbtUmcl tnlfrtd In Block 20. II dllUrtnl Irotn R.purM 

I«     SUPPLFMENTARY NOTES 

ONR Scientific Officer: T. G. Glallorenzl, Code 5500, tel.:(202)-767-2499 
Effective date of Contract: 4 November 1974 
Contract expiration date:  3 November 1975 
Amount of Contract:  S49.998 

I»     KEY WOROi (Conllnut on ttvst» no» II n»cfmrr tnd Idtnllly by blork niiirb«r) 

LlNbxTai-x03 
LiWDxTai-xOß strip guide 
mbxTa]_x03 directional couplar 
Waveguides 
Strip waveguides 

20     ABSTRACT rConHnu» an rmvbfim »Id* II ntcfuy mil' Idonilly by block numbot) 

An approximate closed-form expression for the cat-off conditions and 
propagation characteristics of low-order modes In diffused Gaussian 
strip waveguides is derived. The expression is given in terms of 
normalized diffusiuu depths and scrip widths and may be used to find 
the operating point of a LiNbxTax-x03 strip guide diffused from a Nb 
o-trip of known thickness and width.  An experimental LlNbxTaj_x03 
"directional coupler" has been fabricated by diffusing two 5-VJm-wlde 

DD ,: FORM AN 7} 1473 EDITION OF  I NOV SS 1) OBSOLETE 7       PBfeailcrwTFmiEr 
/      SECUNITV CLASSIFICATION OF THIS PAGE (Wliti Dmlm epimrmd) 

I • '     I 

  ^_  I  - 



HI     ■!>«■«  ■■I' 111 mmmmmammmmmam 

UNCLASSIFIED 
SCCUWlTY CLAS&IFIOTIQH OF   THIS RACtflWKn Dmlm fnltt.d) 

20. 

800-A-thick Nb strips spaced 2 ym apart into a LiTaOß substrate. 
Reasonably efficient coupling of TM modes between the strips is observed. 
The cr.tical coupling length is to be estimated at 0.13 cm by fitting 
the data from photodensitometer measurements of a photomicrograph to the 
expected sine-square coupling characteristic. 

x. UNCLASSIFIED 
StCU^ITv CLASJiriCATION or TKU WkdK'Whtn Data Fnttrtd, 

/ 

----- ■■     ■      -  - - — 



r ■■ "■^■^■■■iipipp '■'■"■,"1" ■m^m mmmmmm 

PREFACE 

This Quarterly Technical Report, prepared by RCA Laboratories, Princeton, 

NJ 085A0, describes work performed in the Physical Electronics Research Lab- 

oratory, G. D. Cody, Director. The Project Supervisor is B. F. Williams and 

the Project Scientist is J. M. Hammer. Other members of the Technical Staff 

„ho participated in the research and the writing of this report are W. Phillips 

and C. C. Neil. 

The Navy Project Monitor is T. G. Giallorenzi. Code 5500.  This research 

was supported by the Advanced Research Projects Agency of the Department of 

Defense and was monitored by ONR under Contract No. N00014-75-C-0078. 
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I.  INTRODUCTION 

The work described in this report is intended to lead to the demonstra- 

tion of an efficient, fast electro-optic modulator based on varying the 

coupling between strip waveguides on a common substrate. 

We have recently demonstrated optical waveguides and electro-optic wave- 

guide modulators using films of LiNb Ta,  0» (LNT) on LiTaO, substrates [11. 
x 1-x 3 3 l J 

The LNT films were conceived and developed at our laboratories and show ex- 

cellent waveguide and electro-optic properties.  The grating modulators already 

made using these films have outstanding characteristics. 

The method of producing these useful films is simple and essentially con- 

sists of depositing a metallic layer of niobium into a LiTaO» substrate and 

then diffusing the Nb into the surface. This technique allows a variety of 

guiding and planar beam-forming structures to be preformed in th° metallic 

film before diffusion.  In addition, other complex configurations can be fab- 

ricated by combining sequences of metal depositions and diffusion steps. 

In this program we are attempting to condtruct and study an electro- 

optlcally controlled strip waveguide coupling modulator capable of efficient 

high-speed operation. 

Figure 1 is a schematic diagram of an example of the typp. of device we 

are discussing. Our intention is to provide a means of varying the amount of 

light coupled from guide a into guide b  so that it becomes possible to couple 

either none of the light or any desired fraction up to 100%.  In this approach, 

both a and b  are single (TE..) mode guides. 

In the interaction region of length L in Fig. 1, the two guides are 

brought sufficiently close so that the evanescent fields of the guides ove^ap 

in the gap "g".  If the two guides have the same propagation constants, energy 

will be cross-coupled between them.  Applying a voltage to the balanced 

electrodes wilx increase the propagation constant of one guide and decrease 

the propagation constant of the other, causing a phase mismatch.  If the mis- 

match is sufficiently large, it will prevent light from coupling between the 

1.  J. M. Hammer and W. Phillips, Appl. Phys. Letters 24, 545 (1974). 
J. M Hammer, M. T. Duffy, and W. Phillips, Electro-Optic Waveguides, 
Fin .1 Report, Office of Naval Research, 30 April 1974, Contract No. 
N000i4-73-C-0388. 
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guides. Near phase match the amount of light coupled per unit length will be 

proportional to the departure from exact match and hence to the. magnitude of 

the voltage.  Initial estimates indicate that sufficiently strong mismatch may 

be obtained at very low voltage (~2 V or less) to ensure good isolation in the 

off condition [2]. As with all electro-optic modulators, the speed of chang- 

ing coupling will be practically limited by circuit considerations rather than 

by the response of the electro-optic effect.  Very low drive powers (<10 yW/MHz) 

are expected. 

In the following a refined theory of the operation of graded index strip 

guide is presented, and initial measurements made on an LNT strip guide coupler 

are described.  Our work on the theory and on the fabrication and measurement 

of the devices is still in progress so that the results described here must be 

considered tentative. 

To prevent unnecessary duplication of written material we assume that the 

reader aiay refer to our original proposal, which is listed as reference 2. 

2.  RCA Prooosal PP. 74-124, Channel Waveguide Study, prepared for Defensp 
Advanced Research Projects Agency, Arlington. Va.; May 6, 1974. 

-- ■ ■      - -  - 
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II. THEORY - Analysis of Dispersion in Diffused 
Strip Guides with a Gaussian Index Variation 

The LNT waveguides which are used in this program have a Gaussian index 

variation [3].  Thus, this analysis will be based on an approximate closed-form 

solution for the modes of planar Gaussian index variation waveguide, which we 

have .lerived based on published solutions for waveguides with exponential re- 

fractive index grading [4,5].  This description will be briefly summarized now. 

By making a linear fit to the generalized dispersion curve presented by 

Carruthers et al. [5] the relationship 

ln2An  b/A0 = 0.895 (|? + 0.167) (1) 

is  obtained where b is  the diffusion depth.    Equation  (1)   is a very  good 

approximation to the dispersion of  the lowest order mode  of planar   (one- 

dimensional)   exponential guides  over  the  range of index variations  of inter- 

est.     Figure  2 schematically shows how the  index varies  in a diffused strip 

guide.     In Fig.   2, 

An = m  - n. 

6n = neff - n2 (2) 

where n ,.,. is defined as the effective index of the TE mode Jn the planar 
eff o r 

case (a ->■ «O . If 8 is the propagation constant for this mode, 

3 - 2meH/Xo 

n(y) = n- + An exp(-y/b)  Exponential 

2 
n(y) = n» + An exp-(y/b)  Gaussian 

(3) 

(A) 

(5) 

3. 

4. 
5. 

W. Phillips and J. M. Hammer, "Formation of Lithium Niobate-Tantalate 
Waveguides," J. Electron. Materials. To be published May 1975.  Also, 
Confer, on Preparation and Properties of Electronic Materials, Paper F-2; 
Sept. 11, 1974, Boston. 
E. M. Conwell, Appl. Phys. Letters _23, 328 (1973). 
J. B. Carruthers, I. P. Kaminow, and L. W. Stulz, Appl. Optics _13, 
2333 (1974). 
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Figure  2.     Representation of variation in refractive  index 
in an LNT strip waveguide. 
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We find that the following substitution in Eq.(l) of the exponential theory 

gives good agreement with the experimentally measured dispersion of our 

diffused (Gaussian) waveguides. 

Exponential = l'7  AnGau8sian = 1'7  Ang 

exponential " 2 bGaussian = 2 bg 

With this substitution, Eq.(l) becomes 

VV^" bg/Ao = 0.807 (^+0.284) (6) 
x g      ' 

The values predicted using Eq.(6) agree closely with the results of a computer 

calculation for Gaussian waveguides recently reported by Hocker and Burns [6], 

The TEo cut-off condition for planar Gaussian guides is obtained from Eq.(6) 

by setting 6n = 0. 

As will be seen below, generalized relations can be obtained by using 

normalized dimensions. Define the normalized diffusion depth or guide thick- 
ness as 

B = yjn^n        b /A 
8   ^ 2 g   g' o (7) 

Then Eq.(6) becomes 

JL 
807 - 0.284 (8) 

Marcatili [7] has analyzed channel or strip guides with step index variation. 

He gives an approximate closed-form solution to the dispersion in step index 

channel guides. Marcatili's approximation seems to be valid over the range of 

6. G. B. Hocker and W. K Burns, IEEE J. Quantum Electronics, to be published. 
7. E. A. J. Marcatili, Bell Syst. Tech. J. 48, 2071 (1969). 

12 
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An*s with which we are concerned here. We may write his approximate solution 

(9) W,, 1 - ZZiL JL2/!. 

(-.•A)" h-m-i! 
where A is the normalized strip or channel width given by 

! 

>/n2An8 
a /A 
s o (10) 

Equation (9) gives the dispersion of the TE  mode of 
qp 

Here the subscript s is used to identify quantities associated with step in- 

dex variation guides 

a strip guide with a step index variation. 

We now adopt the strategy of finding the thickness b of a plang.r step 

index guide, which gives the same value of 6n as a planar Gaussian index 

guide of depth b when An is taken equal to An and (n2) ■ (n9) .  We will 
8 g I 

then substitute B for B in Eq.(9) to find an approximate dispersion for a 
g     s 

Gaussian strip guide. 

As our first step in this procedure, let the width of the strip become 

Infinite.  Thus, we let a, A ->■ ^ in Eq.(9), which now describes the dispersion 

for a planar step index guide.  Since we are concerned only with the lowest 

mode, we take p = q = 1.  (Note that as a -•■ o», TE.. -•• TE  [2].)  We obtain, 

equating the right side of Eq.(8) to that of Eq.(9) under the conditions 

cited above, 

1 = f  ■ / ' B 

M1-*» - vkf) 
Ji ) 

(ID 

I 

The subscript is dropped from An because, as mentioned earlier. An is chosen 
s 

equal to An . 
g 

The two-dimensional guides of interest in this program will have widths 

(a) at least five t mes larger than their depths (b).  Thus, little error 

would be expected in using the step index approach to describe the reflections 

at the sfip edge as compared with using the siwep index approach to describe 

the reflections at the broad interface (see Fig. 2). We will thus use the "A" 

13 
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cer» o£ Eq.'.S) without essential «.dlflctlen except as Indicated belo« and 

U1U snbstitute fro. .,.(11) '« "» "»" »»• 
We thU9 0btaln the ™t°*i' 

mate dispersion relation 

P _2/'1 OQA _ R/n.ROT'i /SjA  - i _  E r^ - q2(1.284 - B/0.807) 
UnJ       ./..  1 V 

/qp ^Fif 
The subscripts have now been dropped. Note that B is to be taken as he 

nor.ali.ed Gaussian depth and A as the nor^lized strip width after diffusion. 

If a, is the width of the Nb strip before diffusion, the width a after 

diffusion will be taken as 

a = a1 + 2(b/2) 
(13) 

We expect Eq.(12) to be reasonably accurate for the TElp modes and. for 

relatively weak guides, also to represent the TMlp modes. This latter fea- 

ture will be discussed further in the next quarterly report. The TEqp modes 

with q > 2 will not b. -11 described by Eq.(12). We expect highest accuracy 

for the'TE^ HL, -des. which are the ones of greatest concern.  It should 

he remembered that the values of n,. An used must always be those appropriate 

to the polarization and orientation directions being considered [I]. 

' Mode cut-off is obtained by seeing 6n = 0 in Eq.(12). Values of A as 

a function of B for the TE^ TE12. T^ cut-off conditions are plotted as 

the solid curves in Fig. 3. The family of curves A vs B with 6n/An as 

parameter for the TE.. is plotted as the dotted curves in Fig. 3. 

From our studies of the formation of planar LNT waveguides the relation- 

ship of diffusion depth, initial thickness of metallic niobium T. and An 

has been found [3]. For y-plates. these are (at Xo - 0.6328 ym) 

TE 
Modes 

An = 0.383 r/b 

An ■ 0.188 x/b 

propagation parallel to c-axis 

propagation at 51° to c-axis 

( An = 0.0682 a/b  propagation perpendicular to c-axis 
(14) 

TM 
Modes 

An 0.383 t/b   any direction on plane 
(15) 

B mtm     

14 
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The diffusion depth b may be found from the temperature and time of 

diffusion [3].  For a given strip width and initial niobium thickness, 

Eqs.(14) and (15) allow the normalized thickr.?qs B and width A to be directly 

calculated as a 'unction of b. 

Taking propagation of a TE mode at 51° co the c-axis in a y-plate we have 

calculated A and B as b is varied from 0.6 to 2.5 \m  for the values (in urn): 

T - 0.08, a - 6; T - 0.08, a - 10; T - 0.06, a - 6; and T - 0.06, a - 10. 

The curves of A vs B for these cases are shown in Fig. 3 as dot-dash lines. 

These curves can be conveniently used to select an operating point. Operating 

points for other directions can, of course, be calculated directly, using 

Eqs.(14) and (15) as needed. 

We should note that the cut-off curves given in the contract proposal [2] 

were derived under very reP'.-.ricted conditions before the propagation character- 

istics of the LNT guides were fully characterized and are ina:curata. 

We art jontinuJ.ng our theoretical study and directing our efforts to 

obtain an accurate calculation of the coupling coefficients end  voltage be- 

havior when the strip guides are arranged as directional couplers. 

16 
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III.  EXPERIMENTAL MEASUREMENTS 

Initial efforts have been directed to the production of coupling modula- 

tors using conventional photoresist techniques.  A dimensioned schematic of 

the first mask used is shown in Fig. 4.  The initial experimental structure 

was formed on a polished y-plate of LiTaO-j using conventional photolithography 

as follows:  800 A of Nb is deposited by e-beam evaporation; Shipley AZ1350 

photoresist is spun over the Nb, exposed through the mask, and developed.  The 

lib  is then etched using a fixture of one part buffered HF to one part concen- 

trated HN03 at room temperature.  A photomicrograph of the input section of 

the Nb pattern before diffusion is shown in Fig. 5.  The entry horn for the 

upper strip guide is seen on the left.  The abrupt termination of the lower 

strip guide should also be noted,  "he Nb Is diffused for 2 hr 10 min at 11850C, 

giving a diffusion depth of 1.2 pm.  Figure 6 is a photomicrograph of the 

coupler ?fter diffusion.  The gap between the guides is still clearly visible, 

but it is not possible to determine if the index in the gap region is depressed 

to the substrate value or not.  Starting with an initial 2-^m gap in the Nb, 

some overlap would be expected after diffusion. 

The guides in this first experiment wert placed to run at right angles 

to the c-axis of the substrate.  For the values used at A =• 0.6328 um the TE 
o 

mode would be expected to be cut off for propagation perpendicular to the c- 

axis.  The TM mode, however, will propagate.  This may be seen by noting that 

from Eq.(lA) An - 0.00455, giving B - 0.189.  It is clear from Fig. 3 that 

this value of B is below cut-off for any A.  For TM propagaMon, however. 

An « 0.0255, B = 0.447, and A ■ 2.23, which will propagate the TM. , TM 2, and 

TMj. modes. 

To observe operation as a directional coupler, light is coupled into the 

horn of the upper guide with a SrTi03 prism coupler.  We then observe light 

emerging from the horn of the lower guide on the right.  Figure 7 is a low- 

magnification photograph of the coupler in operation. 

When an output, coupling prisT» is placed on the horn of the lower guide, 

light is coupled out.  The ratio of light emerging from the output prism to 

light entering the input prism is 0.29, which is a very gratifying transmission. 

The emergent light contains a mixture of TE and TM polarization directions. 

The degree of admixture is sensitive to the pressure applied to the coupling 

17 
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Figure 7. Low-magnification photograph of 6328-X light coupled into upper 
strip.  Prism coupler or leit couples light into entry horn for 
upper strip. Light emerges from lower strip horn on right and 
is reflected at broken edge of sample, which intersects the 
lower horn. 

p.rism and does not vary strongly as the input polarization direction is varied 

from TE to TM.  This effect requires further study, but we tentatively con- 

clude that the light transmitted and directionally coupled between the two 

3trip guides is in ehe TM mode and the admixture of apparent TE-TM is due to 

stress birefringence at the coupling prisms. 

In order to check, the coupling length a photomicrograph of the scattered 

light from the strips is taken using a long-focal-length objective, which 

gives a scale factor on the photograph of 100 urn per cm.  The photograph is 

shown in Fig. 8.  Photodensitometer scans across the streaks are taken at 

4-nun intervals along the propagation direction, which corresponds tr AO-pm 

intervals on the actual guide.  The relative intensity I (I + I ) is plotted 
2 a a   b 

in Fig. 9.  These data are fitted to a sin^kX function, giving a critical 

coupling length L = n/2k = 0.13 cm. 

We thus have observed efficient directional coupling between two strip 

LNT waveguides. Additional guides are in preparation.  In these new couplers 

the gap and the orientation will be varied in order to further investigate 

and control the coupling characteristics.  Photomasks for the deposition of 

20 

- - IIB-^ll 



wmm ap wmmwmm 

electrodes have also been prepared and will be used to deposit electrodes on 

a suitable directional coupler. 

Figure 8.  High-magnification photograph of portion of directional coupler. 
1 cm on photograph corresponds to 100 pm on sample. The intensity 
of the light traveling from left to right in upper strip diminishes, 
The intensity of the ligh. in lower strip increases from left to 
right. 

-60  -40   -20 0    20 
(x \0 fim) 

40 60 80 

Figure 9.  Data points - normalized values of pl.Dtodensitometer scans across 
coupler taken on copy of Fig. 8.  Solid curve Ütted to sin2kX plot, 
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